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Asymmetry in the motional sideband spectrum is a signature of the quantum regime of mechanical oscillators.
It enables self-calibrated thermometry measurements, and has recently been experimentally studied in several
optomechanical systems. Here, we present motional sideband asymmetry measurements in the well-resolved
sideband regime of a nano-optomechanical system sideband-cooled close to the ground state and probed
simultaneously with red- and blue-detuned lasers. We show that the nonlinear cavity response, induced for
example by the thermo-optical frequency shift or the Kerr effect, can lead to an artificially modified motional
sideband asymmetry. The presence of an auxiliary drive, such as the sideband cooling laser, creates an oscillating
intracavity field which leads to coupling of originally independent thermomechanical sidebands and modifies the
observed sideband asymmetry. We develop a theoretical model based on Floquet theory that accurately describes
our observations. This phenomenon has wide-ranging implications for schemes utilizing several probing or
pumping tones, as commonly employed in backaction-evading measurements, dissipative optical squeezing,
dissipative mechanical squeezing, as well as recent demonstrations of non-reciprocal devices.
I. INTRODUCTION
The interaction of light with vibrational modes close to the
ground state leads to an asymmetry in the generated Stokes and
anti-Stokes scattering. Physically, this asymmetry originates
from the fact that a mechanical oscillator in the ground state
can only absorb energy. The anti-Stokes scattering (resulting
in blue-shifted radiation) rate scales with n¯, while the Stokes
scattering rate scales with n¯ + 1, where n¯ denotes the aver-
age thermal occupation of the vibrational mode [1]. The ratio
of the two scattering rates is given by the Boltzmann factor
exp(−~Ωm/kBT ), where Ωm is the frequency of the oscilla-
tor and T its temperature, which therefore allows for absolute
and self-calibrated quantum noise thermometry. Such motional
sideband asymmetry has been observed in the quantized mo-
tion of laser-cooled trapped ions [2] and cold atoms in optical
lattices [3]. It has been exploited for Raman noise thermometry
in solids [4–6] and molecules [7], and it is commercially used
in fiber optical distributed temperature measurements [8].
Cavity optomechanical techniques have enabled to prepare
mechanical oscillators close to the ground state via optome-
chanical sideband cooling [9–11], and therefore reach a regime
where the interaction of mechanical oscillators and optical (or
microwave) fields has to be treated quantum mechanically. In
this context, significant attention has been devoted to sideband
asymmetry [12–15], as a signature of the quantum-mechanical
nature of the interaction between light and engineered mechan-
ical oscillators.
To exploit sideband asymmetry for an absolute thermome-
ter without the need for calibration [16], understanding all
noise contributions is central. For example, if the laser exhibits
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excess classical noise in the phase or amplitude quadrature,
sideband asymmetry is not a faithful measure of the mechan-
ical thermal occupation, but is artificially increased [17–19],
resulting in incorrect temperature measurements.
Here we observe experimentally and describe theoretically a
novel mechanism that can lead to an artificially modified side-
band asymmetry, which occurs in the presence of multiple laser
drives due to the cavity nonlinear response, such as the Kerr
effect or the photothermal cavity frequency shift. Thermal ef-
fects are common for both optical [11, 20] and microwave [21]
cavities. In a cavity driven by multiple lasers, the cavity nonlin-
earity leads to a coupling of originally independent thermome-
chanical sidebands, modifying the sideband asymmetry mea-
surements. More generally, any optomechanical measurement
protocol that utilizes multiple drive tones on a single cavity
mode can be affected. This therefore includes backaction-
evading measurements [22], mechanical squeezing [23–26],
dissipative squeezing of the cavity field [27], entanglement of
two mechanical oscillators via reservoir engineering [28, 29],
and recently demonstrated non-reciprocal devices [30, 31].
This unwanted artificial asymmetry can be eliminated by
sufficiently separating the driving tones in frequency, thus op-
erating beyond the bandwidth of the Kerr-type nonlinearity,
as verified by independent measurements. The revealed in-
trinsic quantum motional sideband asymmetry then enables
to perform self-calibrated thermometry. We proceed to op-
tomechanically cool a 5.3 GHz breathing mode of a nanobeam
optomechanical crystal, thermalized in a 3He buffer gas cryo-
stat at ∼ 4.5 K, self-calibrated at 1.50 ± 0.2 quanta (40%
ground state probability).
II. EXPERIMENTAL RESULTS
Our experimental system is a nanobeam optomechanical
crystal [32], shown in Fig. 1. Optically, the device functions as
a single-sided cavity with a partially transmitting input mirror.
Light is evanescently coupled from a tapered optical fiber into
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FIG. 1. Optomechanical crystal and experimental setup. (a) False-color SEM image of the silicon optomechanical crystal cavity with a
waveguide for laser input coupling. The path of the tapered fiber is indicated. The inset shows the simulated mechanical breathing mode and
optical mode. (b) SEM image of the cavity. (c) Scheme for motional sideband asymmetry measurement using two probe tones and a cooling
tone. (d) Experimental setup. PM, phase modulator; VOA, variable optical attenuator; AOM, acousto-optical modulator; BHD, balanced
heterodyne detector; SA, spectrum analyzer; NA, network analyzer; PLL, phase-locked loop.
a waveguide that forms part of the nanobeam with efficiency
exceeding 50%. The optical resonance is at 1540 nm with a
linewidth of κ/2pi = 1.6 GHz, of which κex = 0.3κ are extrin-
sic losses to the input mirror. The optical mode is optomechan-
ically coupled to a mechanical breathing mode of frequency
Ωm/2pi = 5.3 GHz, strongly confined due to a phononic
bandgap, with an intrinsic linewidth of Γint/2pi = 84 kHz.
This places the system in the resolved sideband regime [9],
Ωm > κ, as required for ground state cooling [33, 34]. The
optomechanical coupling parameter is g0/2pi = 780 kHz. Full
details of the device design, the setup and the system are given
in Appendices C and D.
Though optomechanical crystals, owing to their GHz-scale
frequencies, have been put in their ground state by employing
passive cooling in dilution refrigerators at ∼ 10 mK, severe
heating due to optical absorption precluded continuous mea-
surements with high optomechanical cooperativities [35–39].
Our system is passively cooled to low initial thermal occupancy
at 4.5 K (thermal occupancy at bath temperature n¯th ' 17)
using a 3He buffer gas cryostat. The buffer gas provides addi-
tional mechanical damping, increasing Γint by several 10s kHz
to the actual mechanical linewidth Γm. However, as detailed in
Appendix B and shown in the measurements described in this
section, the buffer gas environment enables greatly enhanced
thermalization of the oscillator and is necessary for cooling
close to the ground state.
To measure motional sideband asymmetry, we employ two
probe tones, around upper and lower motional sidebands, and
in addition apply a strong tone near the lower sideband for
sideband cooling (Fig. 1c). Such multi-tone probing has
been applied in previous experiments in the microwave do-
main [15, 24]. The two weak equal-power probes (about
nc = 100 mean intracavity photons each) are applied at
frequencies ωcav ± (Ωm + δ). The cooling tone is blue-
detuned from the lower probe by the frequency Ωmod, where
Γm  Ωmod  κ. The red-detuned probe will generate
a resonantly enhanced anti-Stokes Raman process, where a
probe photon is upconverted in frequency from −Ωm − δ to
−δ, while destroying a phonon in the mechanical oscillator.
The converse occurs for the blue-detuned probe, where a probe
photon is downconverted from Ωm + δ to δ while creating a
phonon, thus forming the resonant enhanced Stokes sideband.
The experimental setup is shown in Fig. 1d. We use balanced
heterodyne detection for quantum-limited measurement of the
scattered thermomechanical sidebands in the output spectrum.
The overall detection efficiency is η ' 4%. We measure
the symmetrized autocorrelator of the photocurrent [15, 40]
S¯I(ω) =
1
2
∫∞
−∞〈{Iˆout(t+ t′), Iˆout(t′)}〉eiωtdt, where the av-
erage over t′ is denoted by an overbar. The one-sided het-
erodyne spectrum takes the form (in the resolved sideband
limit)
S¯I(ω + ∆LO) = 1 + ηΓtot
{
ΓmCredn¯
Γ2tot/4 + (ω + δ)
2
+
ΓmCcooln¯
Γ2tot/4 + (ω + δ − Ωmod)2
+
ΓmCblue(n¯+ 1)
Γ2tot/4 + (ω − δ)2
}
,
(1)
where we have introduced cooperativities Cred,blue,cool ≡
4g2r,b,c/(κΓm), the light-enhanced optomechanical coupling
gr,b,c ≡ g0√nr,b,c, reduced occupancy n¯ = Γmn¯th/Γtot, local
oscillator detuning ∆LO = ωLO−ωcav, and incorporated the ef-
fect of sideband cooling into a broadened mechanical linewidth
3Γtot ' Γm(1 + Ccool). In the last expression we assume weak
probe tones of equal strength, such that they do not contribute
to the total mechanical damping, and taken the good cavity
limit κ/Ωm → ∞, thus neglecting the quantum backaction
limit [33, 34]. We further assume that the cavity linewidth
is much larger than the detuning and effective mechanical
linewidth κ δ,Γtot, such that the optical susceptibility can
be evaluated on resonance, and neglect classical laser noise.
Equation (1) is normalized to the shot noise floor, includes the
overall detection efficiency η, and we have chosen to show only
sidebands close to resonance, the others are heavily suppressed
due to the cavity resonance.
For our measurement, the red and blue cooperativities are
chosen to be equal Cred = Cblue ≡ C, such that the Lorentzian
probe tone sidebands centered around ∆LO ± δ have weights
proportional to Cn¯ and C(n¯ + 1). The asymmetry can be in-
terpreted as a consequence of the commutation relations of
either mechanical or optical creation and annihilation oper-
ators. Which one of the two is responsible depends on the
detection scheme used. For heterodyne detection the sideband
asymmetry arises from quantum backaction (i.e., the optical
input vacuum fluctuations), while for photon counting of the
sidebands (as done in Raman scattering experiments of solids)
the asymmetry arises from the mechanical commutation re-
lations [15, 41, 42]. From the sidebands we extract n¯ either
directly from the red-detuned probe sideband weight (with suit-
able calibration as outlined in Appendix B) or from the ratio of
the weights of the two sidebands, as in previous optomechan-
ical experiments [13, 14]. Raman thermometry can be done
using the cooling tone sideband instead of the red-detuned
probe sideband, as long as one accounts for the difference in
optomechanical coupling. Classical laser noise, which can be
a source of artificially enhanced asymmetry [17, 18, 43] is not
affecting our measurements, as is shown in Appendix E.
Throughout the experiment, the power of the cooling tone
is increased, lowering the mechanical occupancy n¯ through
sideband cooling, while the probe tones are held constant. Fig-
ure 2a,b we show thermometry results for a detuning of the
red-probe from the cooling tone of Ωmod/2pi = 80 MHz. In
Fig. 2a we use the total sideband power to infer n¯ (n¯+ 1) from
the anti-Stokes (Stokes) mechanical sidebands, plotted against
the cooling tone intracavity photons. Strikingly, the curves of
the cooling tone and red-detuned probe do not coincide, mak-
ing it impossible to associate n¯ with either. The discrepancy is
also reflected in Fig. 2b, where quantum sideband asymmetries
of either of the two anti-Stokes sidebands compared to the
Stokes sideband yield different n¯. We next repeat the measure-
ment with larger seperation between the red-detuned probe and
the cooling tone, with Ωmod/2pi = 220 MHz (Fig. 2c,d). The
inferred n¯ from both anti-Stokes sidebands now show excellent
agreement (Fig. 2c), and n¯ inferred from motional sideband
asymmetry also agree within experimental errors (Fig. 2d).
Our measurements thus show that the presence of the cooling
tone, when tuned closely to the red-detuned probe, modifies
the quantum-mechanical motional sideband asymmetry.
To investigate this novel phenomenon further, we perform
an auxiliary experiment, shown in Fig. 3a. Omitting the blue-
detuned probe, we apply two equal power tones near the lower
mechanical sideband (still referred to as red-detuned probe
and cooling tone). As illustrated in Fig. 3a, the observed anti-
Stokes sidebands are not equal even for Ωmod  κ, with the
higher-frequency sideband stronger, in disagreement with stan-
dard optomechanical theory. Keeping the red-detuned probe
fixed at ∆ = −Ωm and scanning the cooling tone, Fig. 3b
shows the ratio of the two sidebands, normalized to the ex-
pected bare optomechanical response, vs. Ωmod. The normal-
ized ratio decreases with Ωmod, only reaching the expected
behavior at Ωmod & 200 MHz. Note that, depending on the
power used, the ratio may be very large for small Ωmod, e.g. ex-
ceeding 2 for Ωmod/2pi = 20 MHz in Fig. 3b. Figure 3c shows
the noise spectra at low Ωmod/2pi = 4 MHz for increasing
tone power, where additional higher-order sidebands, spaced
by Ωmod, are observed. These measurements point to the
presence of a cavity nonlinearity, which couples the thermome-
chanical sidebands and modifies the observed asymmetry.
The existence of cavity nonlinearities due to e.g. thermal
effects is not unusual and has been observed in both bulk
optical cavities as well as ultrasmall optical mode volume res-
onators [20, 44–46]. While there are several potential sources
for a “Kerr-type” effect, we consider the photothermorefractive
frequency shift (PTRS) as the dominant mechanism. Physi-
cally, photons circulating in the cavity are absorbed, leading to
heating, and thus shifting of the cavity resonance (e.g., via the
temperature dependent refractive index). The temperature devi-
ation δT is governed in the simplest case by a single timescale
and temperature-independent absorption
δT˙ (t) = −γthδT (t) + gabs|a¯(t)|2. (2)
Here the absorption rate is given by gabs, and the thermalization
rate by γth. In the presence of two tones, the cavity field
intensity beats nc(t) = |a¯(t)|2 ∝ const + cos(Ωmodt), which,
via the absorption heating, causes a periodic modulation of the
cavity frequency, captured by the detuning
∆th(t) = ∆k exp(iΩmodt) + c.c. (3)
where
∆k =
gPTgabsa¯ca¯r√
γ2th + Ω
2
mod
e−iφth , φth = tan−1
(
Ωmod
γth
)
. (4)
Here a¯c, a¯r are the amplitudes of the intracavity fields pro-
duced by cooling tone and red-detuned probe, and gth relates
cavity frequency shift to temperature deviation via ∆th =
gPTδT . Consequently the static thermal cavity shift per mean
intracavity photon is given by g0,th = gPTgabs/γth.
The cavity frequency modulation mediates processes in
which photons are scattered from a frequency ω to ω ± Ωmod,
which causes coupling of the sidebands with strength ∆k. In
Section III, we incorporate the PTRS into standard optome-
chanical theory to model our experiments, and use a Floquet
approach, based on writing the cavity and mechanical annihi-
lation operators as sums of Fourier modes, to solve the time-
dependent quantum Langevin equations.
In the first approximation, corresponding to retaining the
dominant Fourier modes, the output spectrum takes the same
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FIG. 2. Artificial and quantum sideband asymmetry in optomechanical sideband cooling. In (a), (b), the cooling tone is detuned 80 MHz
from red-detuned probe. (a) Inferred n¯ (n¯+ 1) from anti-Stokes (Stokes) mechanical sidebands, based on total thermomechanical noise. Overall
cooling is observed, however a clear discrepancy exists since the cooling tone and the red-detuned probe should yield the same and be equal to
the occupancy n¯. Inset: Example of an actual observed noise spectrum, colored for different tones as in the main panel. Note that the choice of
local oscillator frequency (Fig. 1c) leads to the noise spectrum ‘folded over’ and to the cooling tone sideband located close to the probe sidebands.
The ω-axis does not strictly correspond to Eq. (1) in this case. (b) The occupancy n¯ obtained from motional sideband asymmetry, obtained both
from the ratio of red- and blue-detuned probes, and the ratio of cooling tone and blue-detuned probe, which shows strong disagreement. Error
bars represent ±20 MHz tuning accuracy, see text for discussion. (c), (d) show the data corresponding to (a), (b), respectively, only with the
cooling tone detuned 220 MHz from red-detuned probe, where the effect of the thermal Kerr-type nonlinearity is strongly diminished. In (c), the
lower curve is a fit according to the model of Appendix B with the average asymmetry of the last two points, shown in (d), used for calibration;
one quantum is added to result in the upper curve, coinciding with the Stokes sideband data. Inset (c) shows spectra of the last data point.
form as above (1) but with modified cooperativities
C˜red = Cred |1− 2igc∆k/(grκ)|2 , (5a)
C˜cool = Ccool |1− 2igr∆∗k/(gcκ)|2 , (5b)
leaving the ideal theory [Eq. (1)] otherwise unchanged. Impor-
tantly, these expressions can lead to an asymmetry when ∆k is
complex even when gr = gc. This explains our observations in
Fig. 3b, where the cavity is driven by two equal-strength pumps,
and asymmetric sidebands are observed. The asymmetry di-
minishes as Ωmod is increased beyond the bandwidth γth. A fit
to this simple model shown in Fig. 3b is in good agreement and
captures this general behavior. In this case of Ωmod  γth we
find that the approximation (5) is sufficient to describe our data,
with added Fourier modes producing no change to the fitted
curve. From the fit we obtain the two quantities characteriz-
ing ∆k (4), γth/2pi ∼ 6 MHz and gabsgPT/4pi2 ∼ 10 MHz2,
with other parameters determined independently. Deviations
from the data at high frequencies may be accounted for by
considering additional Kerr-type effects of higher bandwidths
or more complicated thermal behavior than that afforded by
Eq. (2), however we keep the simplicity of our model and
emphasize that for Ωmod/2pi = 220 MHz used in Fig. 2c,d
and all our subsequent motional sideband asymmetry measure-
ments, we consistently observe the same normalized sideband
power (i.e. same n¯) for both cooling tone and red-detuned
probe (within experimental errors of ∼ 5%), confirming the
weakness of Kerr-type effects, and allowing to operate in a
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FIG. 3. Observation of asymmetric noise spectra due to Kerr-type nonlinearity. (a) Pumping scheme with two equal red-detuned pumps.
(b) The peak ratio of the observed spectra, relative to the ratio expected from bare optomechanical response, vs. Ωmod for constant power of
nc = 640 intracavity photons, showing decreased effect for higher modulation frequencies. The inset shows the spectra for data points of the
same color in the main panel. (c) Increasing the pump power for a constant Ωmod/2pi = 4 MHz, showing higher-order peaks. Also shown
are fits to the analytic model of Sec. III, see text for details. (d) Calibration of sideband cooling using motional sideband asymmetry, with
Ωmod/2pi = 220 MHz, free from Kerr-type artificial asymmetry. See text for more details. The oscillator is cooled down to n¯ = 1.5 phonons.
regime where the quantum sideband asymmetry arising from
optomechancial quantum correlations can be observed. We
also note that the coupling of red and blue tones is negligible
as their spacing is 2Ωm  γth.
In order to capture the physics observed in Fig. 3c, where
a series of thermomechanical sidebands are generated, more
Fourier modes have to be included (six optical and five me-
chanical; see Fig. 4). The relative weight of the higher order
sidebands is in good agreement with the data. Strong ther-
mal effects at Ωmod/2pi = 4 MHz lead to distortion in the
cavity linewidth measurement, introducing large detuning er-
rors, leading to large uncertanties in cavity parameters. The
fits shown in Fig. 3c yield γth/2pi in the range 4–8 MHz and
gabsgPT/4pi
2 ∼ 6–17 MHz2, in close agreement with Fig. 3b.
In order to further confirm our model, we have carried out
pump-probe response measurements of the cavity, detailed in
Appendix F. We found the bandwidth of power induced cav-
ity frequency shifts (likely thermal in origin) ∼ 10 MHz, in
agreement with the results presented here.
Next, we turn back to sideband measurements at
Ωmod/2pi = 220 MHz, where only the quantum asymmetry is
prominent. Figure 3d shows an extended set of measurements
done at cryostat temperature of 4.4 K and buffer gas pressure
of 140 mbar, including occupancies n¯ inferred from both mo-
tional sideband asymmetry and power in the cooling sideband.
Inferring n¯ from motional sideband asymmetry is straightfor-
ward, however the probes must be weak to avoid extraneous
heating of the oscillator. The much-larger signal-to-noise ratio
of the cooling sideband is more suitable for determination of
n¯ for the highest cooling powers. Referring to Eq. (1) and
neglecting the weak probes, we see that apart from the easily-
measured optomehcanical parameters, accurate knowledge of
the quantity η n¯th is required. Moreover, extraneous heating
due to optical absorption modifies the actual bath occupancy
from that measured, n¯th → n¯th + αnc, where α is the added
bath phonons per intracavity photon (see also Appendix B).
Thus, at least one of the parameters η, n¯th, α needs to be inde-
pendently determined. It is often difficult to obtain accurate
measurement of these parameters. Here we use the sideband
asymmetry at an intermediate data point to compute n¯ and,
unequivocally, η, providing calibration for the entire cooling
curve of Fig. 3d.
The two main sources of measurement error are tuning accu-
racy, estimated at ±2pi × 20 MHz = ±0.0125κ, that leads to
slightly different cavity response seen by the two probes (error
bars in Figs. 2 and 3d), and error in estimate of Lorentzian
peaks of the sidebands, that yield different n¯ values for the two
flavors of asymmetry used in Fig. 2b,d (see inset of Fig. 2c).
The former error is dominant for large n¯ (small asymmetry),
while the latter is dominant at strong cooling powers hence low
signal-to-noise ratios (for example the last point in Fig. 2d). For
every data point in Fig. 3d, we add these errors in quadrature.
We then compute η and its uncertainty using weighted aver-
age. The final result, η = 0.044 ± 0.005 remains essentially
the same if we take the last few, minimum error points. This
calibration gives n¯ = 1.5± 0.2 (40% ground state occupation)
for the minimum occupation in Fig. 3d. In addition, fitting the
entire data set yields bath thermal occupation n¯th = 17.5 and
extraneous heating of α = 1.3 C0, in excellent agreement with
the independently calibrated measurements of Appendix B.
III. THEORY
To describe our experiment we take the standard optome-
chanical model in a rotating frame
HˆOM/~ = [∆th(t)−∆]aˆ†aˆ+ Ωmbˆ†bˆ− g0aˆ†aˆ(bˆ+ bˆ†), (6)
6but include the PTRS (via ∆th) as well as optical and me-
chanical baths. A standard calculation [47, 48] gives quan-
tum Langevin equations, which we linearize around the mean
intracavity field aˆ(t) = a¯(t) + δaˆ(t) (and the same for the
mechanical mode) to obtain the equations for linear optome-
chanics [48]
δ ˙ˆa =
{
i [∆−∆th(t)]− κ
2
}
δaˆ+ ig(t)(δbˆ+ δbˆ†) +
√
κδaˆin,
δ
˙ˆ
b =
(
−iΩm − Γm
2
)
δbˆ+ i[g(t)δaˆ† + g∗(t)δaˆ] +
√
Γmbˆin,
(7)
where ∆ ≈ −Ωm is the average detuning of the pumps
from the cavity, g(t) = g0a¯(t) exp[i(ωcav + ∆)t] is the
modulated light-enhanced optomechanical coupling strength,
and the input noises obey 〈δaˆin(t)δaˆ†in(t′)〉 = δ(t − t′) and
〈bˆin(t)bˆ†in(t′)〉 = (n¯th + 1)δ(t − t′) (as well as standard
commutation relations). Langevin equations with periodic
time-dependence can be analyzed with a recently developed
method [49]. Note that closely related models have been stud-
ied in the context of levitated optomechanics [50, 51], where
instead of the cavity, the mechanical resonator frequency is
modulated.
In the experiment, we apply up to three tones to the cavity:
a strong cooling tone, as well as weak red- and blue-detuned
probes. Since the blue-detuned probe is very far detuned from
the other two tones, it remains unaffected and we will not
consider it in this section. Cooling tone and red-detuned probe
are close to the red sideband, separated in frequency by Ωmod,
as is shown in Fig. 3a. Neglecting all other effects, the resulting
intracavity field a¯(t) = a¯re−i(ωcav+∆)t + a¯ce−i(ωcav+∆+Ωmod)t.
We model the PTRS [11, 52] through Eq. (2) in conjuction
with ∆th(t) = gthδT (t) as discussed above. In our level of
approximation we neglect the effect of the PTRS on the mean
intracavity field, such that we can solve directly for the temper-
ature deviation. Since a constant temperature shift leads to a
static frequency shift which can be absorbed into the overall
detuning ∆, we only consider the time-dependent part
δT (t) = gabs
∫ t
−∞
2a¯ca¯re
−γth(t−t′) cos(Ωmodt′)dt′
=
2gabsa¯ca¯r√
γ2th + Ω
2
mod
cos(Ωmodt− φth),
(8)
where the phase lag
φth = tan
−1 (Ωmod/γth) (9)
arises due to the finite thermalization time. Equation (8) yields
the PTRS displayed in Eqs. (3) and (4). The phase φth plays a
crucial role in the observed asymmetric response. Note that if
∆th is positive, the cavity resonance is blue-shifted.
If the two pumps lie close to the red sideband (∆ ≈ −Ωm),
and the modulation frequency is much smaller than Ωm, as
is the case here, we can neglect terms rotating at 2Ωm in a
rotating-wave approximation. However, the resulting equations
still have an explicit time-dependence, which can be removed
by splitting the fields δaˆ and δbˆ into Fourier components [49]
δaˆ(t) =
∑
n
exp(inΩmodt)δaˆ
(n)(t),
δbˆ(t) =
∑
n
exp(inΩmodt)δbˆ
(n)(t),
(10)
at the cost of introducing an infinite set of coupled equations
of motion
δ ˙ˆa(n) =
(
i∆˜− inΩmod − κ
2
)
δaˆ(n) + δn,0
√
κδaˆin
+ i
(
gcδbˆ
(n+1) + grδbˆ
(n) −∆∗kδaˆ(n+1) −∆kδaˆ(n−1)
)
,
δ
˙ˆ
b(n) =
(
−inΩmod − Γm
2
)
δbˆ(n)
+ i
(
gcδaˆ
(n−1) + grδaˆ(n)
)
+ δn,0
√
Γmbˆin,
(11)
which are depicted as lattice in Fig. 4. Here, gr,c = g0a¯r,c and
we have written ∆th(t) = ∆k exp(iΩmodt) + c.c., and defined
the residual detuning ∆˜ = Ωm + ∆ κ, which presents only
a small correction and will thus be neglected in the following.
In principle, the cavity frequency shift could have a number of
origins, which can be included in ∆k. Here for simplicity we
consider only the PTRS (3), such that ∆k is given by Eq. (4).
The Fourier components we have introduced are sometimes
called auxiliary modes [53], frequency-shifted operators [50],
or sidebands. The explicitly time-dependent terms in the lin-
earized equations of motion (7) couple the Fourier modes.
This off-diagonal coupling (in Fourier space) is suppressed by
the response of the modes (especially the narrow mechanical
mode), such that good approximations are obtained with only
few Fourier modes.
For now, we assume that only the central modes δaˆr ≡ δaˆ(0),
δaˆc ≡ δaˆ(−1), δbˆ(0) are nonzero. These modes are shown in
bold colors in Fig. 4 and are most relevant as they contain the
most thermomechanical noise. This reduces the equations of
motion (11) to the matrix equationχ−1opt(ω) −igr i∆k−igr χ−1m (ω) −igc
i∆∗k −igc χ−1opt(ω + Ωmod)
 δaˆrδbˆ(0)
δaˆc

=
√κδaˆin√Γmbˆin
0
 ,
(12)
where we have defined the susceptibilities
χ−1opt(ω) = κ/2− i(ω + ∆˜), χ−1m (ω) = Γm/2− iω. (13)
Note that the Kerr-type effect thus leads to a coupling of the
Fourier modes δaˆc and δaˆr, captured by ∆k. The noise spec-
trum contains mostly noise from the mechanical oscillators,
such that we can neglect δaˆin. Applying the red-detuned probe
and the cooling tone introduces optical damping, yielding an ef-
fective susceptibility χ−1m,eff(ω) = Γm(1+Cred +Ccool)/2− iω.
Given the approximation (12), the spectrum reads
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FIG. 4. An illustration of the infinite array of coupled Fourier
modes. The map to Fourier components (10) introduces an infinite
set of coupled Langevin equations, which has to be truncated at some
order to obtain a solution. Due to the two pumps (cooling and red-
detuned probe), thermomechanical noise incident on mode δbˆ(0) is
distributed onto δaˆr and δaˆc, generating two sidebands. The cavity
Fourier modes are coupled due to a cavity Kerr-type nonlinearity
[∆k (4)]. This effect modifies the sideband weight, which to lowest
order (considering only the bold three-mode system) can be accounted
for with new effective optomechanical couplings (5), but in general
leads to more sidebands (Fig. 3c), modeled by including more Fourier
modes in the description. Notably, due to the finite response time, the
coupling between the Fourier modes is complex, with the phase φth
given in Eq. (9).
S¯I(ω + ∆LO) = 1 + ηκn¯Γm
∣∣∣∣∣gr − igc∆kχopt(Ωmod + ω)χ−1opt(ω)χ−1m,eff(ω)
∣∣∣∣∣
2
+ ηκn¯Γm
∣∣∣∣∣gc − igr∆∗kχopt(ω − Ωmod)χ−1opt(ω)χ−1m,eff(ω − Ωmod)
∣∣∣∣∣
2
(14)
where we have neglected the frequency dependence of the
cavity response, and introduced the overall detection effi-
ciency η [40, 47]. This spectrum can be understood as fol-
lows: thermomechanical noise is filtered by the mechanical
response χm,eff and is scattered to the optical modes, where
it interferes with itself. In the Fourier mode corresponding
to the red-detuned probe sideband, the amplitudes gr and
igc∆kχopt(Ωmod) add. The rate gr comes from scattering
directly into that Fourier mode, whereas igc∆kχopt(Ωmod)
has the clear interpretation of noise scattering first into cooling
mode δaˆc with amplitude gc, where it picks up the optical
susceptibility χopt(Ωmod), and then hopping from there onto
the red-detuned probe mode with amplitude ∆k.
We find that even for equal pump strength (gr = gc) the
thermomechanical sideband weights can differ, as long as ∆k
has a nonzero phase. This phase occurs only if Ωmod and γth
are comparable, such that the phase lag of the thermal response
behind the intracavity field [Eq. (3)] is non-trivial. This phase
is conjugated between the clockwise and counterclockwise
process, allowing us to interpret it as a synthetic gauge flux φth
threading the triangles in Fig. 4. From this point of view, the
interpretation is similar to the nonreciprocal noise scattering
observed in the optomechanical isolator [54], except that here
the phase arises dynamically, among the virtual Fourier modes,
whereas in optomechanical nonreciprocal systems the phase
is a direct consequence of the phase relation of drives. In the
more relevant case for thermometry, gr  gc, we can neglect
the backaction of the probe tones and Eq. (14) reverts to the
ideal theory (1), but now with the modified optomechanical
cooperativities displayed above [Eq. (5)]. The three-mode
approximation is sufficient for fitting our data in Fig. 3b, where
mostly Ωmod  γth.
For strong driving and small Ωmod ∼ γth, the interaction
∆k between the optical Fourier modes is enhanced [Eq. (4)],
and thus higher-order Fourier modes are populated, and more
sidebands appear in the output spectrum. This is precisely
what we observe in Fig. 3c. The higher-order sidebands can be
modeled by including more Fourier components (faint color in
Fig. 4). The matrix in Eq. (12) is straightforwardly generalized
to larger systems. It can then be shown [49] that the normal-
ordered time-averaged noise spectrum is given by
SN (ω) =
∑
n
∫
dω′
2pi
〈δaˆ(n)†out (ω+nΩmod)δaˆ(−n)out (ω′)〉. (15)
The heterodyne spectrum we quote above is related through
S¯I(ω + ∆LO) = 1 + ηS
N (ω), which is shown explicitly in
Appendix A. In Fig. 3c, we fit the data to this model includ-
ing 6 optical Fourier modes and 5 mechanical Fourier modes
[i.e. d(2) . . . d(−3), b(2) . . . b(−2) in Fig. 4].
Finally, we note that the instantaneous Kerr effect also leads
to a cavity frequency shift ∆Kerr(t) = gKerr|a¯(t)|2 without
a phase lag. The coupling strength gKerr can be estimated
through [55]
gKerr = −ωcav n2
n0
~ωcavc
Vmoden0
, (16)
where n0 is the linear refractive index, n2 the Kerr coefficient,
Vmode the mode volume, and c the speed of light. For our
system, we find gKerr/2pi ∼ 13 kHz, which is considerably
weaker than the PTRS, which has a static, single intracavity
photon coupling g0,th/2pi = 1.7 MHz. Nevertheless, in preci-
sion thermometry the intrinsic Kerr effect might be important
especially since it affects pumps with much larger spacing.
IV. CONCLUSION
Rapid advances in cavity optomechanics over the last decade
now enable quantum control of mechanical oscillators using
electromagnetic radiation. Here we have shown that, similar to
previously studied classical noise phenomena, quantum effects
can be masked by classical nonlinearities, that lead to mod-
ification of the effective scattering rates between thermome-
chanical sidebands of closely-tuned applied drives. Although
we have focused on motional sideband asymmetry measure-
ments, our results apply to any experiment utilizing contin-
uous monitoring of the mechanical oscillator with multiple
tones [25, 27], such as backaction-evading measurement [22],
mechanical quantum squeezing [23] and dissipative optical
squeezing [27], entanglement of two mechanical oscillators
8using reservoir engineering [28, 29], and recently demon-
strated non-reciprocal devices [30, 31]. Moreover, quantum
optomechanics encompasses a wide range of electromagnetic
cavities susceptible to thermal Kerr-type effects, such as pho-
tonic crystal [20], whispering-gallery mode [11], as well as
microwave cavities [21]. It is therefore necessary, in addition
to the characterization of noise properties, to rule out such
effects, by performing additional measurements, such as equal-
tone red-detuned pump (Fig. 3) and cavity frequency response
measurements (Fig. 9). By comparing sideband asymmetry
measurements with calibrated thermometry, we have shown
that quantum mechanical effects are once again dominant when
the system is operated outside the bandwidth of cavity Kerr-
type effects.
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Appendix A: The heterodyne spectrum
In this Appendix we give more details on heterodyne detec-
tion and the resulting spectrum. During balanced heterodyne
detection, we mix the signal with a strong local oscillator of
amplitude αLO exp(−iωLOt), and thus detect the heterodyne
photocurrent [40]
Iˆout(t) = e
i∆LOtα∗LOδaˆout(t) + e
−i∆LOtαLOδaˆ
†
out(t), (A1)
where we have assumed that the local oscillator is detuned from
the cavity by ∆LO = ωLO − ωcav, and the output operators
are in a frame rotating with the cavity. The (time-averaged) au-
tocorrelator of the signal is the heterodyne spectrum as quoted
in the text and repeated here for convenience
S¯I(ω) =
1
2
∫ ∞
−∞
〈{Iˆout(t+ t′), Iˆout(t′)}〉eiωtdt, (A2)
where the overbar denotes averaging with respect to t′. Invok-
ing commutation relations we normal-order the operators in
Eq. (A2){
Iˆout(t+ t′), Iˆout(t′)
}
= |αLO|2 [δ(t)+
δaˆ†out(t+ t′)δaˆout(t′)e
−i∆LOt + δaˆ†out(t′)δaˆout(t+ t′)e
i∆LOt
]
.
(A3)
The first term is vacuum noise, whereas the second and third
term give the normalized output spectrum around ±∆LO. Note
that the anomalous terms have disappeared from the right-hand
side of Eq. (A3) as a result of the averaging over t′. Keeping
only the positive frequency term and normalizing to the shot
noise floor, we have S¯I(ω + ∆LO) = 1 + ηSN (ω), where η
is the overall detection efficiency [40, 47], and the normal-
ordered spectrum
SN (ω) =
∫ ∞
−∞
〈δaˆ†out(t+ t′)δaˆout(t′)〉eiωtdt. (A4)
In order to determine δaˆout we use the quantum Langevin
equations (7) together with the input-output relations δaˆout =
δaˆin −√κexδaˆ. For just one tone on the red sideband, we have
(in the rotating-wave approximation) δaˆ = χopt(ω)(igδbˆ +√
κδaˆin) [susceptibilities defined in Eq. (13)], such that
S¯I(ω+ ∆LO) = 1 + ηΓ
2
mκ
2Cred|χopt(ω)|2|χm(ω)|2n¯. (A5)
Conversely, a tone on the blue sideband results in δaˆ =
χopt(ω)igδbˆ
† +
√
κδaˆin and thus a sideband of weight n¯+ 1
S¯I(ω+ ∆LO) = 1 + ηΓ
2
mκ
2Cblue|χopt(ω)|2|χm(ω)|2(n¯+ 1).
(A6)
In each case, ∆˜ is the residual detuning of the tone from the re-
spective sideband. In this calculation the sideband asymmetry
(∝ n¯ vs. ∝ n¯ + 1) arises due to the fact that for red-detuned
probing the normal-ordered optical output correlator is pro-
portional to 〈bˆ†inbˆin〉, whereas for blue-detuned probing it is
proportional to 〈bˆinbˆ†in〉.
If both tones are present and weak enough such that their
backaction can be neglected, the spectrum will be the sum of
both contributions (except the shot noise level, which stays
unchanged), as long as the sidebands remain well-separated
from each other, which can be achieved by detuning the tones
from each other by much more than the effective mechanical
linewidth Γtot. Further including classical laser noise, but ne-
glecting the frequency dependence of the optical susceptibility
yields Eq. (A23) in Ref. [18]. An additional strong cooling tone
will contribute optical damping to the mechanical oscillator,
and generate another sideband, which yields Eq. (1).
In order to calculate the spectrum in the presence of the
Kerr effect, we have to otain the spectrum of a modulated
system. Recall that in our experiment, both the optomechanical
coupling and the cavity frequency oscillate as a consequence
of the oscillating intracavity field. This leads to Langevin
equations with an explicit time-dependence (7) of the general
form (where ~x is a vector of operators)
~˙x(t) = A(t)~x(t) + L~xin(t). (A7)
As done in the main text, this can be solved perturbatively by
introducing Fourier components ~x(t) = exp(iΩmodnt)~x(n)(t),
9where Ωmod is the fundamental frequency of the modulation
in A(t). One can then show that the normal-ordered time-
averaged spectrum (A4) is given by Eq. (15).
Appendix B: Sideband Cooling, Absorption Heating, and Effect
of the Buffer Gas
An important characterization of our system is done by
measuring the performance of sideband cooling [48]. A single
tone is applied at the lower mechanical sideband, ∆ = −Ωm.
In the well-resolved sideband regime, dynamical backaction
provides additional damping Γopt = CΓm where C = C0nc
is the optomechanical cooperativity for nc mean intracavity
photons and single-photon cooperativity C0 = 4g20/(κΓm).
The mean thermal occupation of the oscillator is lowered to
n¯ =
Γmn¯th + Γoptnqbl
Γm + Γopt
=
n¯th + Cnqbl
1 + C , (B1)
where n¯th is the mean thermal occupation of the environment
and nqbl = κ2/(16Ω2m) ∼ 6 × 10−3 is the quantum limit of
sideband cooling [33, 34], and will be neglected here.
The simplest treatment of optical absorption heating is pro-
vided by the linear model n¯th → n¯th + αnc, where α is the
extraneous heating of the bath in terms of oscillator phonons
per intracavity photon. Within this model, we have
n¯ =
n¯th + αnc
1 + C , (B2)
the asymptotic quantum limit nqbl is effectively replaced by
the heating limit of α/C0 phonons. In this model, we find the
signal-noise-ratio (SNR), defined as the peak of S¯I(ω) relative
to the noise floor
SNR =
4ηCn¯
1 + C = 4η
(n¯th + [α/C0]C)C
(1 + C)2 . (B3)
The first equality can be obtained from Eq. (A5), the second
from Eq. (B2).
Figure 5a shows an example sideband cooling at cryostat
temperature of 4.5 K with the buffer gas pressure at 160 mbar.
In order to calibrate n¯, we assume the heating is negligible at
the point of lowest power (with nc ∼ 2 intracavity photons)
and the oscillator is completely thermalized to the cryostat,
n¯ = n¯th. We infer n¯ from the area of the noise spectra (Fig. 5b).
The SNR of the spectra is shown in Fig. 5c. Fitting the data
of Fig. 5a,c using Eqs. (B2) and (B3) respectively, we obtain
extraneous heating of α = 6.3 × 10−3 = 1.5 C0 and overall
efficiency η = 0.04 in agreement with Sec. II.
Working in a buffer gas environment enables us to sub-
stantially improve the thermalization of our optomechanical
system. In Fig. 6 we show the mechanical mode temperature
as a function of the temperature of the cryostat for two differ-
ent pump powers, corresponding to mean intracavity photon
number of 8.8 and 35, keeping the buffer gas pressure constant
at 25 mbar. The mechanical mode temperature is consistently
higher for the higher input power, giving clear indication of
optical absorption heating.
To more accurately quantify the optical absorption heating
rate, we studied this effect by performing sideband cooling
measurements at different buffer gas pressures, with the results
shown in Fig. 7. As expected, increasing the pressure leads
to a decrease of the extraneous heating α of the mechanical
mode (Fig. 7a), while at the same time introducing additional
mechanical damping due to the gas (Fig. 7b). The combined
effect of gas damping and thermalization results in theoretical
cooling limits α/C0 of 1.3–1.5 phonons in excellent agree-
ment with Sec. II, using more accurate sideband asymmetry
calibration.
Appendix C: Design and Fabrication
Our optomechanical system is an optomechanical crystal
(OMC) [56] similar in design to that reported previously [32]
(Fig. 1a,b). A periodic pattern of holes in a silicon nanobeam
creates a bandgap preventing propagation of both photons and
acoustic phonons. A defect in the pattern is designed to co-
localize photons and phonons which are coupled by radiation
pressure and electrostrictive forces (Fig. 1a, inset). By control-
ling the number of holes on each side of the defect, a single-
sided geometry is realized, where the front input coupling
mirror has less holes than the high-reflectivity mirror. Figure 8
shows the design for the OMC. In Fig. 8a, the simulated me-
chanical and optical mode field distribution are presented. In
such a single-sided cavity, the optical field can be efficiently
coupled out while the mechanical mode is maintained local-
ized. Figure 8b shows the simulated external Q of the optical
and mechanical modes vs. the hole number of the front mir-
ror. Increasing the number of holes in the front mirror leads
to an increased external Q of both optical and mechanical
mode. However in practice, the mechanical Q is much lower,
limited by material and fabrication imperfections, and hence
not affected by hole number. By comparing to the measured
intrinsic optical Q, a proper hole number for the front mirror
is chosen in the actual design, while the hole number of the
high-reflectivity mirror is kept fixed.
Beyond the patterned section, the nanobeam is extended
to introduce a coupling waveguide, into which light can be
evanescently coupled by positioning a tapered optical fiber of
diameter∼ 1µm. A bend in the nanobeam offsets the coupling
waveguide such that the tapered fiber does not touch the op-
tomechanical cavity. In order to reduce the scattering loss, the
529 nm width of the nanobeam is tapered down to 280 nm adia-
batically. To maximize the coupling, a 3.05µm long nanobeam
mode convertor with a width of 280 nm is added to convert
the light from the tapered fiber. Due to phase mismatch be-
tween the waveguide and the tapered fiber, we obtain typical
single-pass waveguide coupling efficiencies ηwg > 50% exper-
imentally, while the FEM simulation gives ηwg > 90%.
The optomechanical crystal is fabricated on a silicon on in-
sulator wafer (Soitec) with a device layer of 220 nm and 2µm
buried oxide layer. We pattern our chips with an electron beam
lithography using ZEP as resist. The structures are transferred
to the device layer following a reactive ion etching (RIE) using
a SF6/C4F8 plasma. To open an area for taper fiber coupling,
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FIG. 5. Sideband cooling of the nanomechanical oscillator with a single cooling tone. In this instance, with 4.5 K cryostat temperature and
160 mbar buffer gas pressure, the oscillator was cooled to occupancy n¯ = 1.9, i.e. 34% ground state occupation. (a) Mechanical occupation n¯
derived from the area of the noise spectra vs. intracavity photon number nc. n¯ is anchored to the cryostat temperature, n¯th = 17, at lowest
cooling power. The solid line is a fit to the simple heating model (B2) with α and n¯th as free parameters, and the dashed line shows cooling
in absence of absorption heating. The inset shows total mechanical damping Γtot vs. nc, with a linear fit used to extract the bare mechanical
damping rate Γm (intrinsic damping Γint and the gas damping) in absence of dynamical backaction and the optomechanical coupling rate
g0. (b) Noise spectra S¯I(ω), normalized to the shot noise level, at three different points highlighted with respective colors in the main panel.
(c) Signal-to-noise ratio (SNR) vs. the cooperativity C with a fit to the model (B3) with overall efficiency η and heating α as free parameters.
The highlighted points are the same as in (b).
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FIG. 6. Laser power induced heating of the mechanical mode.
Mechanical mode temperature versus cryostat temperature at two
different pumping powers which correspond to intracavity photon
number nc = 8.8 and nc = 35, where the sample pressure is kept at
25 mbar
an additional photolithography and RIE are applied to create a
mesa structure. After removing all the resist, the device layer
is undercut in diluted 10% hydrofluoric acid. Following an
additional Piranha (a mixture of sulfuric acid and hydrogen per-
oxide) cleaning step to remove organic residuals, the sample is
finally dipped into 2% hydrofluoric acid to terminate the device
surface with hydrogen atoms. The sample is then immediately
mounted on the probe for cryogenic characterization.
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FIG. 7. Effect of the buffer 3He gas on sideband cooling perfor-
mance. (a) Mechanical damping showing increase with gas pressure.
The linear field yields intrinsic damping Γint/2pi = 84 kHz. (b) Os-
cillator heating α showing decrease with gas pressure. Measurements
were done at cryostat temperature of 4.5 K except for low pressures,
where insufficient thermalization leads to elevated bath temperatures,
as indicated in (a). At pressure of∼ 0 mbar, absorption heating leads
to minimum n¯ of 5.7, despite the low Γm.
Appendix D: Experimental System Details
Cryogenically cooled optomechanical crystals are promis-
ing platforms for various quantum optomechanical experi-
ments [37–39], mainly due to their GHz-scale mechanical
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FIG. 8. Design of the front input coupling mirror of the optome-
chanical crystal (OMC). (a) Simulated mechanical (top) and optical
(bottom) field distribution of the OMC. (b) Simulated optical and me-
chanical external Q vs. number of holes of the front mirror, adjacent
the defect section of OMC. When the number of holes is increased,
both optical (red dot) and mechanical (blue dot) external Q increases.
The dashed lines correspond to the measured intrinsicQ of the optical
(red) and mechanical (blue) mode.
frequencies, which for temperatures in the millikelvin range
achievable by dilution refrigerators, puts them very close to the
ground state n¯ ∼ kBT/~Ωm  1. However, the vacuum en-
vironment combined with the nanobeam geometry and falling
thermal conductivity of silicon at cryogenic temperatures, lead
to large heating due to optical absorption [35]. This severely
limits both the minimum achievable phonon occupation and the
optomechanical cooperativity, set by the number of intracavity
photons.
We choose instead to use a 3He buffer gas cryostat (Oxford
Instruments HelioxTL). The cold buffer gas provides a thermal-
ization channel thereby reducing the heating effect, and was
employed in prior work on quantum coherent coupling [11].
The pressure of the buffer gas is controlled through a sorption
pump, and enables us to introduce lower heating at the expense
of higher mechanical damping due to the gas. A study of this
trade-off is presented in Appendix B.
The experimental setup is shown in Fig. 1d. For the sideband
asymmetry setup Fig. 1c, the red-detuned probe, local oscillator
and blue-detuned probe, separated in frequency by ∼ Ωm, are
generated by three lasers phase-locked in a chain. The cooling
tone is derived from the red-detuned probe laser by an acousto-
optical frequency shifter (AOM). For the dual cooling tone
setup of Fig. 3a, the cooling tone is eliminated, and the former
blue-detuned probe is tuned close to the red-detuned probe,
with continuous control of the dual tone separation. Note that
we have observed the same results if deriving both tones from
the same laser, via AOM. The three beams are attenuated to
the desired power level and combined in free-space with the
same polarization into a single-mode fiber. Once in the fiber,
we may monitor each beam by blocking the two others. The
power stability throughout the experiment is ∼ 1%. A fiber-
optic circulator feeds the reflected light to the detection stage.
The reflected signal is mixed with a strong (∼ 7 mW) local
oscillator in a balanced heterodyne detection scheme, and the
noise power spectral density of the subtracted photocurrent is
analyzed using a spectrum analyzer.
To achieve the desired tuning of the tones relative to the
optical resonance, we temporarily switch the reflected light
to a coherent response setup, employing a network analyzer
driving a phase modulator on the master laser [57]. The ac-
quired response is fit with a theoretical curve, yielding the
actual detuning ∆ as well as cavity linewidth κ. We estimate
our tuning accuracy to be ±2pi × 20 MHz. All asymmetry
measurements presented in this paper are corrected based on
measured detuning.
Appendix E: Excess Laser Noise
External cavity diode lasers are well-known to have an ex-
cess noise in the GHz range, due to the damped relaxation
oscillation caused by carrier population dynamics. This is the
main contribution for GHz excess noise for diode lasers. As
this frequency is close to the mechanical frequency, it is neces-
sary to quantify the phase noise of the diode laser that we are
using [19, 43]. The presence of the excess laser phase noise
leads to a limited sideband cooling performance.
On the other hand, the effect of excess laser noise on the
sideband asymmetry has been extensively studied [17, 18, 43]
in both sideband resolved and sideband unresolved regimes. In
a heterodyne detection scheme, the sideband imbalance is due
to the correlation between imprecision and backaction from
the probing tones. This is true also when the probing tones are
not quantum limited, for example a laser with phase noise or a
microwave source with thermal occupation. This can therefore
lead to an artificially increased asymmetry. As a consequence
it is imperative that the lasers are quantum noise limited in
amplitude and phase quadrature.
Here we give an estimation of the effect from the measured
excess laser noise on sideband asymmetry. We take into consid-
eration of the excess noise in the amplitude and phase quadra-
tures, defined as Cqq and Cpp respectively, as in [18].
To quantify the excess noise in the amplitude quadrature
Cqq, we measure the power spectral density S¯p of the pho-
tocurrent at mechanical frequency Ωm to the incident optical
power through direct detection, where S¯p = 2(~ωL)2 〈n˙〉 (1 +
2Cqq) = S¯
shot
p + S¯
ex
p . The excess amplitude noise leads
to a deviation of S¯exp = 4(~ωL)2 〈n˙〉Cqq from the shot
noise power spectral density, which becomes visible at high
optical power (100s µW to few mW). At the mechanical
frequency Ωm/2pi = 5.3 GHz, for typical probing power
(0.5–2µW) we use in the sideband asymmetry measurement,
Cqq(Ωm) < 10
−4, which is negligible.
The excess noise in the phase quadrature Cpp can be mod-
eled as Cpp = 〈n˙〉Sexφφ, where Sexφφ is the phase noise spectral
density of the laser. The phase noise of the laser is character-
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ized with a narrow filter cavity, which transduces the phase
fluctuation of the input field to amplitude fluctuation. For the
laser (Toptica CTL) at typical current 300 mA, the relaxation
oscillation frequency is around 1.94 GHz with a frequency
noise spectral density of Sωω(Ωrelax) = 2× 106 rad2Hz. At
the mechanical frequency, the characterized frequency noise
spectral density Sωω(Ωm) is less than 105 rad2Hz. For the
typical probing power, Cpp is below 10−3.
As a result, the excess laser noise in both quadratures at
typical probing power at the Fourier frequency of 5.3 GHz are
negligible compared to the quantum fluctuations of the light.
Appendix F: Frequency Response Measurement
To verify our theory further, and to discern contributions
from different Kerr-type nonlinearities, we performed a cavity
frequency response measurement [46, 58], shown in Fig. 9.
In this pump-probe scheme, a pump laser is applied to a sec-
ondary wide optical resonance at 1595 nm, while a probe laser
is tuned to the slope of the main optical resonance at 1540 nm
(Fig. 9b) The pump laser is amplitude-modulated with variable
frequency Ω and the corresponding shift of the cavity reso-
nance is monitored via the probe laser. A bandpass optical
filter at the output removes the reflected pump light to avoid
cross-talk from the pump modulation.
The frequency response curve corresponds to a combina-
tion of low-pass filter behavior, attributed to different physical
mechanisms that dominate at different frequencies [59]. In our
case we found it best described by three low-pass components
δω =
(
a1
1 + iΩ/Ω1
+
a2
1 + iΩ/Ω2
+
a3
1 + iΩ/Ω3
)
δnc
(F1)
with δω the cavity frequency modulation, δnc the intracavity
photon number modulation, and Ωi and ai the bandwidths and
amplitudes, respectively, of the three filters. Note that neither
the intrinsic Kerr effect plateau, nor the mechanical oscillator
response, were observed in our measurements, which were
dominated by detector noise at GHz frequencies.
Figure 9c shows our cavity frequency response for different
buffer gas pressures, with the extracted bandwidths summa-
rized in Table I, from which several conclusions can be drawn.
First, at 150 mbar the highest frequency Ω3 around 15 MHz,
agrees with the bandwidth of the Kerr-type effect studied in
Sec. II, which reinforces our observations (the lower frequen-
cies are too low to be observed). Second, all bandwidths
increase with pressure, indicating the role of the buffer gas
in improving the thermalization of the cavity. In the range
2–150 mbar, The higher bandwidths Ω2,3 increase by an order
of magnitude. Thus, the cavity response measurement plays a
key role in understanding the Kerr-type nonlinearities studied
in this work.
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